Analysis of interspecies matings between S. typhimurium and E. coli indicates that the genetic barrier that separates these (and perhaps many other) related species is primarily recombinational. The structural component of this barrier is genomic sequence divergence. The mismatch repair enzymes act as potent inhibitors of interspecies recombination, whereas the SOS system acts as an inducible positive regulator. Interspecies mating triggers a RecBC-dependent SOS response in female bacteria that increases recombination mainly through overproduction of the RecA protein. Mismatch repair acts to reduce the mutation rate and recombination between similar sequences, whereas SOS acts to increase both. These opposing activities allow mismatch repair and SOS systems to determine both the rate of accumulation of sequence divergence and the extent of genetic isolation, which are the key components of the speciation process.
Introduction
Species are groups of interbreeding natural populations that are reproductively isolated from other such groups (Mayr, 1982) . Whether or not organisms reproduce sexually, the process of speciation can start only when gene flow between two or more population~ is interrupted. Thus, enquiring about the genetic mechanisms of speciation amounts to asking how populations become genetically isolated. Bacteria reproduce vegetatively and produce recombinant genotypes facultatively via gene transfer by conjugation, transformation, and transduction (Porter, 1988) . The existence of genetic barriers that prevent all mechanisms of interspecies genetic exchange in bacteria suggests that the definition of reproductive isolation for eukaryotic species can be extended to bacteria (MaynardSmith et al., 1991 ).
An excellent model system for genetic and molecular studies of genetic barriers between closely related bacterial species is provided by Salmonella typhimurium and Escherichia coli. These two bacterial species have diverged mostly through the accumulation of neutral mutations, such that the two genomes are about 16% diverged, but the encoded proteins are highly conserved (Sharp and Li, 1987; Sharp, 1991) . DNA sequence analysis indicates that there has been little transfer of chromosomal genes between these two species (Sharp and Li, 1987 ; Maynard- Smith et al., 1991; Sharp, 1991) . Experimental data confirm that genetic exchange between E. coli and S. typhimurium is very low, on the order of 105 times lower than intraspecies recombination (Baron et al., 1968; Rayssiguier et al., 1989 ). Even such rare events may be important for the evolution of species, because they allow rapid adaptation to environmental challenges. The majority of reported cases of horizontal gene transfer in E. coil and S. typhimurium are genes whose acquisition presents an immediate adaptive advantage (such as genes encoding cell surface proteins) (Verma and Reeves, 1989; Smith et al., 1990; Marklund et al., 1992) . The evolution of E. coil was certainly affected by gene acquisition from other species, as suggested by the biological roles of genes for which horizontal transfer has been invoked: the mutD, mutL, mutT, and mutH genes (functional antimutator genes) (Medigue et al., 1991; A. H~naut, personal communication) , the umuCD operon (required for mutagenic DNA repair) (Sedgwick et al., 1988) , and the lac operon (Buvinger et al., 1984) . Analysis of the G plus C content and codon adaptation index for 500 E. coli genes shows that about 6o/o of the genes have atypical values, presumably as a result of their recent acquisition by horizontal transfer (Whittam and Ake, 1993) .
For horizontal transmission to occur, genetic material must overcome at least two types of barriers: transfer barriers that prevent the delivery of genetic information from a donor cell, and establishment barriers that block inheritance of newly acquired genes (Heinemann, 1991) . It has been shown that major restraints to genetic exchange between E. coli and S. typhimurium occur on the level of homologous recombination between the donor and recipient DNAs (Rayssiguier et al., 1989; Rayssiguier et al., 1991 ; Matic et al., 1994) . Recombination between partially homologous DNA substrates is dependent on the extent and degree of DNA homology, which is monitored by recombination and mismatch repair enzymes (Modrich, 1991; . Recombination enzymes appear to be highly selective for sequence identity only at the initial stage of the strand exchange process, which requires a minimum length of homology or minimum efficient processing segment (MEPS), below which recombination becomes inefficient (Shen and Huang, 1986) . Divergence between recombination substrates reduces recombination by reducing the number of available MEPSs (Shen and Huang, 1989) . However, the mismatch repair system, in particular its mismatch-binding components MutS and MutL, is the most potent inhibitor of recombination between weakly and moderately diverged sequences, including genomes of related bacterial species (Rayssiguier et al., 1989; Shen and Huang, 1989; Rayssiguier et al., 1991; Matic et al., 1994) . Intrachromosomal recombination between two repeated sequences diverged 0.9% (rhsA and rhsB) is increased either by the inactivation of the mismatch repair system or by the activation of the SOS system (Petit et al., 1991) . These opposite effects of SOS induction and mismatch repair on recombination between The influence of various recipient genetic backgrounds on conjugational DNA delivery was tested. Each number represents the mean of at least three independent experiments. similar sequences prompted this study of the genetic control of interspecies recombination. The results show that the SOS response induced in recipient cells by interspecies mating and the interspecies recombination are RecBC dependent and that the SOS induction stimulates interspecies recombination through increased expression of the recA gene, and probably ruvA and ruvB genes. The postulated role of mismatch repair and SOS systems in the genetic and environmental control of bacterial speciation provides a paradigm for speciation of eukaryotes.
Results

Transfer and Survival of Donor DNA in Interspecies Crosses
The first step in genetic exchange is DNA transfer from one organism to another, which can be limited by barriers such as cell surface incompatibilities and restriction systems that can degrade exogenous DNA. We tested the mating and transfer efficiency during interspecies conjugation by measuring the zygotic induction of ;~ prophage transferred as an integral part of Hfr DNA into nonimmune recipient cells (Jacob and Wollman, 1961) and found that there is no significant barrier that prevents the conjugational DNA transfer between S. typhimurium and E. coil (Table 1) . The E. coil type I restriction system (encoded by the hsdR gene) does not significantly affect either conjugational DNA delivery or the recombination of a single marker between S. typhimurium and E. coil (Table 1 and Figure 1 ).
Pathways of Interspecies Recombination
During E. coli conjugation, Hfr DNA enters the recipient cell as a single strand with a leading 5' end. In female cells, lagging-strand synthesis produces double-stranded DNA with transient strand interruptions (Ohki and Tomizawa, 1969) . Double-stranded ends are substrates for the RecBCD recombination pathway, whereas DNA without free double-stranded ends, but with nicks or singlestranded gaps, is a substrate for the RecF pathway (Smith, 1989) . The RecBCD pathway, the major pathway for conjugational recombination of E. coil, is also the major pathway for interspecies conjugational recombination (Rayssiguier et al., 1991; Figure 1) , where it was shown to produce large chromosomal replacements (Matic et al., 1994) . The recB gene is essential for all known activities of the RecBCD enzyme (Taylor, 1988) . In the mut + background, a recB mutation reduces recovery of intraspecies and interspecies recombinants to 1% of the recB ÷ level ( Figure  1 ). However, in a mutS strain, the yield of interspecies recombinants decreases 2 x 104-fold upon introduction of a recB mutation. The RecBC enzyme (without the RecD subunit) has no exonuclease V activity but retains helicase activity (Palas and Kushner, 1990) . This activity appears to be sufficient to provide a source of single-stranded DNA substrate for the RecA protein, since recD strains retain intra- (Mahajan, 1988) and interspecies recombination proficiency ( Figure 1 ). In the absence of the RecBCD enzyme, the residual level of intra-and interspecies recombination (both in mut + and mutS strains) can be restored to the wild-type level by extragenic suppressors sbcB and sbcC, which turn on the RecF pathway (Mahajan, 1988;  Figure 1 ). In a wild-type background, the RecF pathway plays only a minor role in conjugational recombination, because the recF or recJ mutations do not significantly affect either intra-or interspecies recombination of single markers (Figure 1 ).
Role of Branch Migration Proteins in Interspecies Recombination
Interspecies conjugational recombination between S. typhimurium and E. coil shows an absolute requirement for the recA gene product (Rayssiguier et al., 1989 ; Figu re 1), which is involved in homology searching, pairing, strand exchange, and branch migration (Kowalczykowski et al., 1994) . Branch migration initiated by the RecA protein is completed by the RuvA, RuvB, and RuvC proteins, or by the RecG protein, which provide alternative pathways for the resolution of Holliday junctions (West, 1994) . It is not known how much RecA-dependent heteroduplex formation occurs prior to continuation of branch migration by the Ruv or RecG proteins, nor how much the activity of these proteins is affected by sequence divergence and heterology.
We have observed a similar effect of the ruvA mutation on interspecies recombination in mut* and mutS contexts (11-and 16-fold decreases), whereas the ruvA mutation had no effect on intraspecies recombination in the mutS and a 4-fold effect in the mut ~ strain. This observation suggests that the Ruv functions are more important for inter-than for intraspecies recombination. Mutations in ruvA and recG genes similarly reduce intraspecies recombination (less than 4-fold), but in interspecies recombination, a ruvA mutation reduces recombination 5-to 8-fold more than a recG mutation. These results could be accounted for by an increased expression of the ruvAB genes due to the induction of SOS response by interspecies mating (see next section; Kowalczykowski et al., 1994) . The double ruvA recG mutant is completely recom bination deficient in interspecies crosses (Figure 1 ), presumably owing to the failure to resolve Holliday junctions (West, 1994) .
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To test whether increased levels of the RecA protein alone can restore the interspecies recombination proficiency of lexA 1 (Ind-) strains, the recAo98 operator constitutive allele was introduced. This allele increases the concentration of the RecA protein in a lexA1 (Ind-) strain by 6-fold (Sommer et al., 1993) , which increases interspecies recombination 11-and 65-fold in lexA1 (Ind-) and lexA1 (Ind-) mutS strains, respectively. (Similarly, when the concentration of RecA protein was increased in the lexA1 (Ind-) strain by the introduction of a plasmid carrying the E. col• recA ÷ gene [pDR1453], the frequency of interspecies recombination increased 13-fold.) The minor contribution of the RecF pathway suggests that other recombination genes of the SOS regulon (e.g., recN and recQ) are not involved in interspecies recombination (Figure 1) .
The effect of SOS induction on interspecies recombination is much stronger in the mutS than in the mut + strains (compare effects of the lexA1 (Ind-) and recAo98 mutations in mutS and in mut + backgrounds in Figure 1 ). This suggests that the mismatch repair system is a potent inhibitor of interspecies recombination even during SOS response.
Increased Expression of the recA Gene in the Course of Interspecies Mating
The requirement of SOS inducibility (lexA +) for efficient conjugational recombination (Figure 1) suggests that mating may induce SOS response in female cells. Whereas intraspecies conjugation induces the SOS response only weakly (Jones et al., 1992 ; Figure 2 ), a strong SOS induction (detected by monitoring inactivation of ~ phage repressor through use of an epigenetic switch system) was obsewed during interspecies conjugation in 2% of mated female bacteria. Clones that had undergone such strong SOS induction were found to have a 20-fold higher interspecies recombination frequency than the noninduced ones (I. M., F. Taddei, and M. R., unpublished data). Because the RecA protein appears to be the key SOSinducible protein that is rate-limiting for interspecies recombination, we measured, in a more sensitive assay, the kinetics of expression of a recA::lacZ operon fusion in a strain that also bears a functional recA + gene. At 60 min after the interruption of conjugation, recA gene induction was 3-to 4-fold higher in interspecies than in intraspecies conjugation ( Figure 2B ). The absence of recA::lacZ induction in lexA 1 (Ind-) recipients indicates that mating induces a genuine SOS response.
Genetic Analysis of SOS Response and Interspecies Recombination
The results of in vitro and in vivo experiments suggest that persistent single-stranded D NA is the SOS-inducing signal (Craig and Roberts, 1980; Sassanfar and Roberts, 1990) . The possibility that the double-strand breakage of donor DNA by host type I restriction endonuclease produces the SOS-inducing signal during interspecies matings can be eliminated on account of the lack of significant effect of a hsdR mutation ( Figure 2B ). The observed difference in the level of SOS induction between inter-and intraspecies conjugations is RecBC dependent and RecD independent, and a recJ mutation inactivating the RecF pathway does not modify SOS induction ( Figure 2B) . Thus, the genetic requirements for SOS response induced by interspecies mating are similar to those for SOS induction by nalidixic acid, which is caused by gyrase-mediated double-strand breakage (Chaudhury and Smith, 1985; Sassanfar and Roberts, 1990) . Neither requires the exonuclease activity of the RecBCD enzyme, and both require the helicase activity of RecBC(D-) enzyme, which is presumably involved in production of single-stranded DNA termini (Oishi, 1988;  Figure 2B ). Moreover, the highest level of recA gene expression observed during interspecies conjugation (Figure 2 ) was similar to that obtained with nalidixic acid (40 ~l/ml after 2 hr of incubation; data not shown). The RecBC-dependent SOS response to interspecies mating is not affected by mutations in the mutS, ruvA, or recG genes ( Figure 2B) . Therefore, the SOS induction signal is probably not produced by the mismatch recognition and repair activities. It is probably generated after the RecBC helicase activity but before the RuvA-or RecG-mediated branch migration, i.e., at the time when RecA protein acts.
No difference in SOS induction between intra-and interspecies conjugation is observed in a recBC sbcBC strain (Figure 2 ). However, in the recBC sbcBC strain, recA gene expression is already high, owing to constitutive expression of SOS functions (Karu and Belk, 1982;  Figure 2 ). In addition, the kinetics of intraspecies recombination in this double-mutant strain are particularly slow compared with those in wild-type strains (Lloyd and Thomas, 1983) . If SOS induction and recombination are dependent on the same substrates, then the absence of a stronger SOS response to interspecies conjugation in the recBC sbcBC strain might be due to a slower generation of such substrates, e.g., single-stranded DNA.
Discussion
DNA Sequence Divergence and Genetic Isolation
Neither the efficiency of conjugational DNA transfer nor the type I restriction system presents a significant genetic barrier between S. typhimurium and E. coil (Table 1) . The genomic divergence of these two species is clearly the key structural basis of the genetic barrier between them. The effectiveness of the barrier is determined by the activities of recombination and mismatch repair enzymes in the course of interspecies DNA interactions. In addition to correcting DNA replication errors, mismatch repair proteins act as editors of homologous recombination . In the absence of such editing, the RecA-mediated strand exchange can occur in spite of large numbers of mismatches and large heterologies (DasGupta and Radding, 1982; Bianchi and Radding, 1983; Lichten and Fox, 1984) . Rayssiguier et al. (1989) have demonstrated that genetic exchanges (conjugational and transductional) between E. coil and S. typhimurium are enhanced by up to three orders of magnitude when the recipients are mismatch repair-deficient mutS or mutL mutants. These results have been corroborated in vitro: purified MutS and MutL proteins have been shown to block the RecA-catalyzed strand transfer between 3% diverged DNA substrates without affecting strand transfer between identical substrates (Worth et al., 1994) .
The requirement of sequence identity for a maximally efficient recombination can restrict recombination events to regions of highest homology. It has been reported that rrn operons, whose DNA sequence is highly conserved (e.g., the S. typhimurium and E. coli 16S rRNA sequences differ by only 2% -3% ), present favored targets for interspecies recombination in a wild-type background (Lehner et al., 1984; Lehner and Hill, 1985) . The importance of DNA sequence divergence in sexual isolation has also been confirmed in transformation of Bacillus species, where the degree of sequence divergence between donor and recipient genomes correlates with the degree of genetic isolation (Roberts and Cohan, 1993) .
The SOS Response to Interspecies Mating
The strong recombination-suppressing effect of the lexA 1 (Ind-) allele in the mutS backgrounds indicates that inactivation of the mismatch repair system is not a sufficient condition for maximal interspecies recombination ( Figure  1) . Induction of the recA gene is clearly required for efficient recombination in rout + and mutS backgrounds (Figure 1) , but the induction of ruvAB genes appears also to be specifically required for maximal interspecies recombination. These results indicated that the RuvAB proteins can catalyze branch migration across mismatched regions. Thus, it appears that the recombination intermediates created by RecA activity are subject to editing by the MutS and MutL proteins, whereas recombinational activity of the RuvAB proteins is not (perhaps because Ruvcatalyzed hateroduplexes are too long to be edited or because RuvABC protein-mediated resolution is too fast for MutS and MutL to act). Editing of recombination by mismatch repair proteins appears to occur during homology search or initiation of strand exchange by the RecA protein, or both.
SOS induction is weak and RecB-independent in intraspecies mating, whereas it is strong and RecB-dependent in interspecies mating ( Figure 2B ). The RecB-independent SOS induction is the same in both types of matings, and it may therefore be due to transient single-strandedness during the lagging-strand synthesis on the transferred Hfr DNA (Bagdasarian et al., 1986) . The RecBC dependence of only the SOS response specific for interspecies conjugation indicates that either the RecBC enzyme acts differently on S. typhimurium and E. coil DNAs, which seems unlikely, or that the strong SOS-inducing signal occurs following RecBC activity. The requirement for doublestranded DNA ends for all known RecBCD activities (Taylor, 1988) suggests that the interspecies conjugation-specific induction signal is produced after the complementary strand synthesis. It has been reported that also in recombination, the RecBCD enzyme acts early by providing singlestranded DNA substrate for the RecA protein (Roman et al., 1991) .
The extent and kinetics of the RecBC-dependent SOS response to interspecies mating are RecD-, MutS-, RuvA-, and RecG-independent ( Figure 2B) . Therefore, the SOS induction signal is probably not produced by the mismatch recognition and repair activities and may be generated after RecBC helicase activity but before the RuvA-or RecG-mediated branch migration. Given the tack of strong SOS induction in the course of highly efficient homologous recombination during intraspecies conjugation, we postulate that the difference (with regard to SOS induction) between the intra-and interspecies recombination is probably in one of RecA protein-mediated recombination steps (homology search, pairing, strand exchange, and branch migration). The MutS independence of the interspecies mating-induced SOS response suggests that the activation of the RecA coprotease activity occurs prior to extensive strand exchange. It is possible that the RecA-singlestranded DNA complex requires a longer time to find homology between diverged DNA sequences; hence, more time is available for the activation of the RecA coprotease function. Alternatively, the pairing between diverged DNA sequences may provide SOS-inducing signals.
The two mutants, recB and lexA1 (Ind-), are similarly deficient in SOS response to interspecies conjugation. However, recB is more recombination deficient than lexA 1 (Ind-), and RecA overproduction by the recAo98 mutation recovers recombination much less effectively in the recB than in the lexA1 (Ind-) background (Figure 1) . Thus, the RecBC enzyme appears to be involved in interspecies recombination both as a recombinase and as an SOSinducing function. The severe recombination deficiency of the recB strain during interspecies matings can be accounted for by the inactivation of the RecBC recombination pathway, higher homology requirement for recombination in this genetic background (longer ME PS size; Shen and Huang, 1986) , and the deficit of RecA and RuvAB proteins due to the absence of the RecB-dependent SOS induction.
Genetic and Environmental Control of Speciation
The SOS response favors the survival of stressed bacterial populations by increasing the capacity for DNA repair and genetic variation (Radman, 1974; Witkin, 1976) . The mutagenic component of SOS does not appear as a side effect to the tolerance of DNA damage, but as an inducible genetic revolution (Echols, 1981) increasing the population fitness under adverse environmental conditions (Radman, 1980) . Interspecies recombination should be added to the list of mechanisms of genetic alterations that are stimulated by SOS induction, e.g., point and frameshift mutagenesis (Caillet-Fauquet et al., 1984; Walker, 1984) , chromosomal rearrangements (Dimpfl and Echols, 1989) , and particular deletions (e.g., transposon loss; Kuan and Tessman, 1992) .
DNA divergence, a major obstacle to interspecies recombination, paradoxically stimulates interspecies recombination by triggering SOS response via RecA activities. This effect of SOS response is strongest in Mutstrains (Figure 1 ), which are expected to arise at rates of at least 10 -7 per genomic replication (Ninio, 1991) . In natural populations of E. coil, about 1% of cells are mutators (Jyssum, 1960; Gross and Siegel, 1981; TrSbner and Piechocki, 1984) , of which the majority are expected to be mismatch repair mutants (E. C. Cox, personal communication). Under adverse environmental conditions, the Mutcells are more likely to acquire the adaptive mutation(s) than the wild-type cells (Chao and Cox, 1983) , which should result in an early overrepresentation of Mut-cells within a recently adapted population. Adverse environmental conditions, which induce the SOS response, are expected to stimulate the acquirement of adaptive genetic modifications, also through horizontal gene transfer. However, in a stable and favorable environment, the advantage of the mutator phenotype will progressively deteriorate, leading, to the overgrowth of Mut ~ cells (Lenski, 1992) . Our results (Figure 1 ) suggest that the cross-species DNA transfer of chromosomal genes may occur in nature at significant levels and would presumably involve a large number of genes (Matic et al., 1994) . The failure to observe such interspecies recombinants in nature may be due to the fact that such large replacements of genetic material may put the recipient cells at a selective disadvantage.
The mismatch repair system, which constitutively controls the genetic stability of species (reviewed by Modrich, 1991; ) is expected to decrease the frequency of horizontal gene transfer, especially in well-adapted bacterial populations. By inhibiting all mechanisms of genetic alteration, mismatch repair is expected to slow down the rate of evolution. By stimulating, in an inducible fashion, the same kinds of genetic alterations, the SOS system is expected to accelerate the rate of diversification. Thus, accumulated genomic sequence divergence, or polymorphism, is the structural element of genomic stability (Petit et al., 1991; Kricker et al., 1992; and the genomic substrate for genetic isolation (Radman, 1989) . Remarkably, the same enzymatic systems, SOS and mismatch repair, that control the rate of diversification also directly determine the effectiveness of genetic barriers based on sequence divergence.
The opposing activities of the SOS and mismatch repair systems provide a unique potential for the fine tuning of both the rates of sequence diversification and the extent of genetic isolation, i.e., speciation. A burst of speciation events, perhaps similar to a punctuated equilibrium (Gould and Eldredge, 1993) , can now be imagined in molecular terms. For example, after a period of high mutation rates due to mismatch repair deficiency, SOS induction through environmental stress, or both, the return to mismatch repair proficiency and repressed SOS is expected to lead to an immediate establishment of multiple genetic barriers within a large highly polymorphic population (sympatric speciation).
The importance of mismatch repair in eukaryotes is reflected in the existence of several different functional genes, homologous to bacterial mutS or mutL genes, that appear to control genetic stability from yeast to humans (Reenan and Kolodner, 1992; Service, 1994) . Defects in two such genes, hMSH2 and hMLH1, are associated with a frequent hereditary predisposition to cancer (reviewed by Service, 1994) . Several responses of eukaryotic cells to DNA damage are reminiscent of some aspects of SOS response in bacteria (Radman, 1980; Herrlich et al., 1984; Fornace, 1992) . This suggests that the evolutionary paradigm developed in this paper may also apply to eukaryotes. The presence of large amounts of diverged repeated sequences requires stringent control of interrepeat recombination to maintain the eukaryotic genome integrity. How-ever, it may be that there is a selective advantage to maintaining all well-distributed noncoding DNA as the main carrier of the neutral genomic sequence polymorphism, a structural element of genomic stability and a substrate for speciation. In meioses resulting from a cross between two closely related species, the mismatch repair components may establish and maintain the polymorphismbased genetic barriers by preventing pairing, recombination, or both between diverged chromosomes, leading to a reproductive isolation through meiotic sterility.
Experimental Procedures
Bacterial Strains, Plasmids, and Phages Hfr strains used in this study were the following: S. typhimurium SA977 (Sanderson et al., 1972 ) and E. coil PK~ (Kahn, 1968) . For zygotic induction experiments, an E. coil PI~ Hfr derivative was constructed by lysogenization with the Z i 21 Cam105 phage (from the collection of C. Herman, Institut Jacques Monod, Paris), while the S. typhimurium SA977 Hfr strain was first transformed by a pAC plasmid carrying the E. coil ~araB+ gene (Boulain et al., 1986) and subsequently lysogenized with the ~. i 21 Cam105 phage. The E. coil F-strain indicated as wild type was AB1157 (Bachman, 1972) . All other recipients were AB1157 derivatives (Figures 1 and 2 ). The AB1157 [Zd(recA::/acZ) cl(Ind-) Ap r] (Casaregola et al., 1982) , recA13 (Howard-Flanders and Theriot, 1966) , recDlO09 (from the collection of S. Rosenberg, University of Alberta, Edmonton, Alberta, Canada), recB21 recC22 sbcB15 sbcC201 (Kushner et al., 1971) , and recF143 (Horii and Clark, 1973) strains were already constructed, whereas the other recipients have been constructed for this study by introduction of hsdR thF (from GC4707; collection of R. D'Ari, Institut Jacques Monod, Paris), lexA1 malB2::Tn9 (from GC2281; collection of R. D'Ari), mutS2Ol::Tn5 (Siegel et al., 1982) , mutS215::Tn10 (from the collection of G. Walker, Massachusetts Institute of Technology, Cambridge, Massachusetts), reoAo98 srlC300::Tn10 (from the collection of C. Herman), recB268:: Tn10 (Lloyd et al., 1987) , recG263 Km r (Ryder et al., 1994) , recJ284:: Tn 10 ( Lovett and Clark, 1984) , and ruvA60::Tn 10 (Ryder et al., 1994) alleles by using Pl-mediated transductions (Miller, 1972) . The C600 hsdR strain (from the collection of M. Meselson, Harvard University, Cambridge, Massachusetts) was used as indicator for zygotic induction. The pDR1453 plasmid carries the E. coil recA + gene (Sedgwick and Yarranton, 1982) . All recipient strains were nalidixic acid-resistant (except AB1157 [Zd(recA::lacZ) cl(Ind-)] Apr), because nalidixic acid was used to counterselect the Hfr donor cells.
Conjugational Crosses
The conjugation experiments were performed under previously described conditions (Rayssiguier et al., 1989) . Hfr strains were as follows: S. typhimurium SA977 for inter-and E. coil PK3 for intraspecies conjugation. All recipient strains were derivatives of E. coil AB1157 (see list of strains and Figure 1 ). Log-phase bacteria (2 x 10 s to 4 x 108 cells/ml) were mixed in a 1:1 (Hfr:F-) ratio and filtered through a 0.45 I~m pore size filter (Schteicher and Schuel), which was then incubated on prewarmed rich medium agar. After 60 min at 37°C, the conjugants were resuspended in 10 -2 M MgSO4 containing nalidixic acid (40 p.g/ml) and separated by vortexing. The exconjugants were plated on M63 medium supplemented with histidine, leucine, proline, and threonine (100 ~g/ml each), thiamine (30 p.g/ml), glucose (0.4%), and nalidixic acid (40 i~g/ml), lacking arginine, to select for arg + recombinants. Recombinants were scored after 48 hr.
Measurement of recA Gene Expression
The conjugation experiments were performed as described previously (Rayssiguier et al., 1989) . Hfr strains were as follows: S. typhimudum SA977 for inter-and E. coil PK3 for intraspecies conjugation. All recipient strains were derivatives of E. coil AB1157 [Zd(recA::/acZ) cl(Ind-) Apl (see list of strains and Figure 2B ). After 60 rain of conjugation, Hfr and F-cells were resuspended in M63 liquid medium supplemented with thiamine (30 p.g/ml), arginine, histidine, leucine, proline, and threonine (100 ilg/ml each), glucose (0.4%), streptomycin (100 p.g/ ml), and ampicillin (50 ~g/ml), separated by vortexing, and incubated at 37°C with shaking for 120 min. In this medium, only recipient cells (including recombinants) can grow. Aliquots were taken every 30 rain, and recA gene expression was measured by titrating I~-galactosidase as described by J. Miller (1972) .
Zygotic Induction
Mating and DNA transfer efficiency during intra-and interspecies conjugation was measured by the zygotic induction of Z prophage as described previously (Jacob and Wollman, 1961; Rayssiguier et al., 1989) . The Hfr strains were S. typhimurium SA977 (~. F 1 Cam105) for interspecies and E. coil PK3 (Z F 1 Cam105) for intraspecies matings. E. coil F-recipients were derivatives of the AB1157 strain (see list of strains and Table 1 ). After 60 min of conjugation, the Hfr x F-mixture was plated on a lawn of C600 hsdR (from the collection of M. Meselson, Harvard University, Cambridge, Massachusetts) indicator bacteria. The results were scored after 24 hr.
